Absolute wavelength references are needed to derive the plasma velocities from the Doppler shift of a given line emitted by a moving plasma. We show that such reference standards exist for the strongest x-ray line in neonlike W 64+ , which has become the line of choice for the ITER (Latin "the way") core imaging x-ray spectrometer. Close-by standards are the Hf Lβ 3 line and the Ir Lα 2 line, which bracket the W 64+ line by ±30 eV; other standards are given by the Ir Lα 1 and Lα 2 lines and the Hf Lβ 1 and Lβ 2 lines, which bracket the W 64+ line by ±40 and ±160 eV, respectively. The reference standards can be produced by an x-ray tube built into the ITER spectrometer. We present spectra of the reference lines obtained with an x-ray microcalorimeter and compare them to spectra of the W 64+ line obtained both with an x-ray microcalorimeter and a crystal spectrometer.
I. INTRODUCTION
Because of the sheer size of the ITER (Latin "the way") plasma, plasma rotation will be measured using passive x-ray spectroscopy, which can readily observe core plasma, instead of using active neutral beam probes, which have difficulties penetrating to the core. Passive x-ray spectroscopy has been successfully used on various tokamaks, including the Tokamak Fusion Test Reactor (TFTR) and Alcator C-mod, 1, 2 to measure the bulk plasma rotation velocity, and thus it is a well tested, reliable method.
In a spectroscopic measurement, bulk plasma motion is inferred from the observed line shift λ = λ − λ 0 where λ is the measured position of the x-ray line, and λ 0 is its rest wavelength . This shift is proportional to the plasma rotation velocity v φ by the expression
where c is the speed of light, and α is the angle of intersection between the line of sight of the spectrometer and velocity vector on a given flux surface. We note that α varies along the line of sight so that the shift varies and causes some degree of line broadening that adds to the thermal broadening of the line. Similar to the effect caused by crystal focusing errors, 3 this effect needs to be taken into account in the analysis. The development of imaging crystal spectrometers 4, 5 has now made it possible to produce radial profiles of the plasma a) Contributed paper, published as part of the Proceedings of the 19th Topical Conference on High-Temperature Plasma Diagnostics, Monterey, California, May 2012. b) Author to whom correspondence should be addressed: beiersdor-fer@llnl.gov. rotation using tomographic imaging techniques. 6 The core imaging x-ray spectrometer (CIXS) is a diagnostic designed to make use of an imaging geometry to measure the ion temperature and bulk rotation velocity of the core plasma. 7 The CIXS has been designed to focus on the strongest xray line from neonlike tungsten, W 64+ , which is situated near 9126 eV. 8 Tungsten has the advantage that it is an intrinsic plasma impurity of ITER. But it can also be injected as a solid or gas, if needed. For example, tungsten was injected using laser blow-off on Alcator, 9 powder injection on the National Spherical Torus Experiment (NSTX), 10 and via gas injection, employing tungsten hexacarbonyl on the Sustained Spheromak Physics Experiment (SSPX). 11 Plasma rotation at the levels of 500 km/s seen in TFTR, for example, see Ref. 12 , would shift the line on the order of 10 eV or less, depending on the value of α. A major issue with a spectroscopic determination of the rotation velocity is the lack of an absolute x-ray wavelength calibration, causing an arbitrary offset of the velocity values. In other words, the line may already be shifted from the first moment it is detected, and any subsequent shifts only add or subtract from the initial level of unknown magnitude. In the following, we address this problem by suggesting the use of characteristic x-ray lines produced inside the spectrometer either by an x-ray tube or by fluorescence to provide an absolute calibration.
II. X-RAY REFERENCE STANDARDS
There are numerous characteristic x-ray lines from the naturally occurring elements, which can serve as reference lines. 13 However, they are spaced rather far apart in some energy regions so that it is not always possible to find suitable lines. In the vicinity of the W 64+ line, commonly referred to Table I . We have measured the x-ray spectrum from both Hf and Ir, photofluoresced using an x-ray tube with a tungsten anode. Photofluorescing the Hf and Ir targets produces pure characteristic lines without the associated Bremsstrahlung background produced using electron impact. The tube was operated at a voltage of 20 kV and a current of 1 μA. The emitted x rays were recorded with a flight-spare x-ray microcalorimeter produced for the Astro-H x-ray observatory at the Goddard Space Flight Center. 14 This device is similar to the EBIT calorimeter spectrometer used at the Livermore electron beam ion trap 15 and can be used on ITER for ion temperature measurements to augment the capabilities of the CIXS. 16 The measured spectrum of Hf is shown in Fig. 1(a) . The spectrum shows the four lines listed in Table I . We note that two lines--Lβ 1 and Lβ 2 --are strong, while the other two are weak. In particular, the Lβ 1 , which is the strongest of the four lines, is about ten times more intense than the Lβ 3 line, while the Lβ 2 line is about five times stronger than Lβ 3 .
In Fig. 1(b) , we show the measured spectrum of the Ir Lα 1 and Lα 2 lines. As seen from the figure, the Lα 1 is an order of magnitude more intense that the α 2 line.
The Hf and Ir spectra can be compared to the spectrum of highly charged tungsten produced on the Livermore Su-perEBIT electron beam ion trap shown in Fig. 1(c) . 17, 18 This spectrum was recorded using an electron beam energy of 23 keV and shows the 3D line and several collisional satellite lines from lower and higher neighboring charge states.
The original CIXS design envisioned the use of a Pilatus-II-type detector placed about 1 m away from the crystal. In this case, the detector records x rays in a range spanning about 450 eV centered around the 3D line. 7 However, the extent of the observable x-ray range depends also on the width of the aperture within the hard x-ray and neutron shield. This likely needs to be minimized to reduce the amount of irradiation of other instruments in the ITER port plug that are co-located with the CIXS. As a result, only the central part of the detector will record the x-ray spectrum from ITER, and the outer parts can be used to record the reference lines. The two strong Hf Lβ 1 and Hf Lβ 2 lines at 9022.7 and 9347.3 eV (cf . Table I) bracket the 3D line and are excellent candidates to serve as x-ray standards.
In order to provide for more room for co-located diagnostics, there is the possibility of shrinking the size of the crystal spectrometer by about 80% of the original size and, most importantly, to utilize smaller detectors. In this case, the en- ergy range covered by the detector may shrink considerably, and the reference standards may have to be closer to line 3D. We propose to utilize the Ir Lα 1 and Lα 2 lines at 9099.5 and 9175.1 eV, respectively, to bracket the 3D line. These lines are only 76 eV apart and are a perfect pair for calibrating a narrow detector. An even closer bracket can be achieved by utilizing lines from both Ir and Hf, i.e., the Ir Lα 1 line at 9099.5 eV and the Lβ 3 line at 9163.4 eV (cf . Table I ). These two lines are only 64 eV apart. However, the Hf line is much weaker than the Ir line, and thus this pair is more difficult to implement. Moreover, the tail of one of the reference lines may overlap with the tungsten line, especially if the tungsten line shifts as much as 10 eV.
We point out that two reference lines are, in principle, not needed for an absolute energy calibration of the CIXS; one is sufficient to anchor the absolute wavelength scale. The second line gives the spectral dispersion. The x-ray spectrum of tungsten near the 3D line has several other lines that can be used to establish the dispersion, if their wavelengths are known with sufficient accuracy. This assumes that the neighboring lines are emitted from plasma with the same rotation velocity. Having the second reference line, however, allows us to check for differential changes in plasma rotation and thus is important to have.
The lines from highly charged tungsten are known from theoretical calculations, which may not provide the accuracy needed for establishing a reliable dispersion. However, highresolution measurements using crystal spectrometers have now been performed on the Livermore electron beam ion trap, providing experimental transition energies with an accuracy of about ±0.5 eV. 8 A spectrum of the vicinity of the 3D line from those experiments is shown in Fig. 2 . The energy of the 3D line determined in these measurements is 9126.25 ± 0.50 eV. 8
III. FURTHER ISSUES
Characteristic x-ray lines are inherently broad. In part, this is because the radiative rates of the transitions comprising these lines are typically larger than the corresponding transitions in highly charged ions. But, the main reason is that these transitions have a large number of spectator electrons, and a given characteristic x-ray line (which should better be referred to as a 'feature') consists of a covey of transitions (see, for example, Deutsch et al. 19 ).
The tungsten 3D lines have a width of about 5.5 eV at an ion temperature of 10 keV and about 8.5 eV at 25 keV. The Ir Lα 1 line has a width comparable to, albeit slightly larger than that of tungsten at 25 keV (we measure roughly 9 eV). Based on the design presented in Ref. 7, the CIXS will count about 10,000 counts in line 3D per millisecond, if the plasma temperature is 25 keV and the tungsten concentration is 10 −5 . This means that the position of the 3D line will be determined within an accuracy of about 10 −5 Å, i.e., similar to what was achieved on TFTR. 1 . In order to determine the position of the Ir line to within one part in 10 5 , i.e., to within 100th of the line width or about 10 −5 Å, one also roughly needs 10 000 counts. This sets a limit on what flux of characteristic x rays will be needed in order to perform the calibration at a specific time resolution.
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